Mitochondrial nucleoids isolated from mung bean seedlings exhibited a chromatin-like structure associated with a membrane component. A similar structure, which underwent discrete changes during cotyledon development, was identified in situ. Isolated nucleoids consisted of essentially the same phospholipids, including cardiolipin, as whole mitochondria and proteins of inner-and outer-mitochondrial-membrane origin. Actin was consistently found with mitochondrial nucleoids prepared with different detergent concentrations. Formaldehyde cross-linking of cytochalasin B-and proteinase Ktreated mitochondria further revealed that actin was associated with DNA in nucleoids. Mitochondrial nucleoids were self-sufficient in directing DNA synthesis in vitro in a pattern mimicking mtDNA synthesis in isolated mitochondria. In pulse-field gel electrophoresis, newly synthesized mtDNA separated into two major components, well-bound and fast-moving forms. Nucleoids DNA synthesis was resistant to aphidicolin but sensitive to N-ethylmaleimide, which indicates that a g-type DNA polymerase was responsible for this activity. Mitochondrial nucleoids were capable of self-directed RNA transcription in a non-random fashion in vitro. Consistent with and complementary to results from fungi and human cells done mostly in situ, our present work helps to establish the important paradigm that mitochondrial nucleoids in eukaryotes are more than mere mtDNA compaction and segregation entities but are centers of mtDNA maintenance and expression.
INTRODUCTION
Electron microscopy (EM) revealed that DNA in each mitochondrion of a mouse cell appeared as clumped or thickened fibers in 2-6 centers termed nucleoids by Nass (1) . Yeast mtDNA was organized into 10-20 nucleoprotein complexes as observed on EM in 1981 (2) . Recently, Spelbrink et al. (3) delineated the nucleoids structure in human mitochondria by colocalization of a Twinkle-green fluorescent protein fusion protein with mtDNA, and for the first time showed that nucleoids in mammalian cells are stable assemblies of multiple mitochondrial proteins with mtDNA. Combining immunocytochemistry, mitochondrial-specific dye staining and fluorescent protein tagging analysis, several hundreds of nucleoids were shown to be organized in each human cell (4) (5) (6) . In higher plants, it is generally believed that only one nucleoid exists per mitochondrion (7) . Mitochondrial nucleoids have been isolated as entities with defined density from several organisms and these entities appear to retain their structure in vitro (8, 9) .
Traditionally, in vitro studies of nucleoids have focused mainly on their characteristic as a DNA-protein complex for mtDNA compaction, maintenance and segregation. More recently, the functional significance for several DNAbinding proteins have been shown to be involved in in vivo nucleoids DNA replication and RNA transcription in yeast and human cells (4) (5) (6) (10) (11) (12) (13) (14) (15) . Regardless of the genome size and topology of restriction-endonuclease-generated genome map (circular or linear), a fraction of plant mtDNA migrates as a smear zone to where 50-200 kb linear DNA molecules do, while the remainder remains in the well at the origin of electrophoresis (16, 17) . The intermediate of replicating mtDNA in yeast and plants has been suggested to be a rolling circle (18, 19) and/or a multifiber network similar to bacteriophage-T4-replicating molecules (17, 20, 21) . Both forms of these replicating molecules have been considered *To whom correspondence should be addressed. Tel: +886 2 27891498; Fax: +886 2 27838609; Email: bodaihwa@gate.sinica.edu.tw Ó The Author 2005. Published by Oxford University Press. All rights reserved.
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In general, multiple nucleoids exist in a mitochondrion, but the number of mitochondrial nucleoids in each organelle after propagation varies. It is generally assumed that nucleoids are involved in mitochondrial DNA segregation, inheritance and mitochondrial propagation (4) (5) (6) 14, 15, (25) (26) (27) . Recently, the relation between mitochondrial nucleoids division and mitochondrion propagation became better understood. The nucleoids in mammalian cells were shown to be stable and dynamic assemblies that could move or divide in concert with the dynamics of the mitochondrial network and could also diffuse efficiently into mitochondria devoid of mtDNA. These phenomena may imply that the transmission of mtDNA to daughter mitochondria occurs during mitochondrial development and propagation (4) (5) (6) . The movement and segregation of mitochondrial nucleoids may be managed by the association of mitochondrial nucleoids to actin or tubulin directly or indirectly (6, 14) .
In the course of our investigation, we found that isolated functionally competent mitochondrial nucleoids were chromatin-like structures with an intriguing membrane system consisting of phospholipids including cardiolipin with relative content essentially the same as that of the whole organelle and of proteins constituents originating from both the inner and the outer mitochondrial membrane. While the membrane protein contents of isolated nucleoids varied qualitatively according to the non-ionic detergent concentration used for their preparation, actin was consistently associated with isolated nucleoids despite a 4-fold variation in the detergent concentration used. Furthermore, we showed the association of actin with mtDNA after CsCl gradient fractionation on homogenized mitochondrial nucleoids that were isolated from formaldehyde crosslinked mitochondria pre-treated with an actin-depolymerizing agent and proteinase K.
In addition, we demonstrated that mung bean mitochondrial nucleoids were self-sufficient in directing DNA replication in vitro. This DNA synthesis was resistant to aphidicolin and sensitive to N-ethylmaleimide (NEM), which indicates that mung bean mitochondrial nucleoids contain a g-type DNA polymerase. In PFGE, newly synthesized mitochondrial-nucleoid DNA separated into a wellbound and a fast-moving component, which appeared to have different labeling kinetics and stability. This pattern of mtDNA synthesis was also observed in vivo and in isolated mung bean mitochondria. We also showed that mung bean mitochondrial nucleoids were capable of self-directed RNA transcription. Thus, our present work indicates that higher-plant mitochondrial nucleoids, like their counterparts in fungi and mammalian cells, are capable of self-directed DNA replication and RNA transcription and play a more active role in mitochondrial biogenesis than was previously believed.
MATERIALS AND METHODS

Preparation of mitochondrial nucleoids
Mitochondria were prepared from 3-day-old etiolated mung bean seedlings (Vigna radiata L.
[Wilzed] cv. Tainan No. 5) as described previously (28) . Nucleoids were isolated essentially as described previously (8, 9) . Briefly, the sucrose-gradientpurified mitochondria were pelleted, suspended at a concentration of 5 mg protein equivalent per milliliter in isolation buffer [15 mM Tris-HCl, pH 7.6, 1.5 mM EDTA, 0.38 M sucrose, 0.6 mM spermidine, 5.3 mM 2-mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride (PMSF)] and lysed by 0.5% NP-40 or as specified. After centrifuging at 14 000 g for 20 min, the clear supernatant was loaded on 5-layer sucrose gradients (15, 30, 40, 50 and 60% w/v) in gradient buffer (20 mM Tris-HCl, pH 7.6, 1 mM EDTA, 1 mM spermidine, 7 mM 2-mercaptoethanol, 0.4 mM PMSF) and centrifuged at 46 000 g for 1 h. Nucleoids were recovered from the 15 to 30% sucrose boundary, diluted with 2 vol of gradient buffer and pelleted at 46 000 g for 1 h.
Electron microscopy
Isolated mitochondrial nucleoids and nucleoids in plant tissue were examined under an electron microscope (Philips CM100). Thin-section transmission electron microscopy was as described previously (29) .
Phospholipid analysis
Phospholipids of mitochondrial nucleoids and mitochondria were extracted and analyzed by thin layer (Kieselgel 60 F 254 , Merck) chromatography with the use of molybdenum blue (1.3% molybdenum oxide in 4.2 M sulfuric acid) spray reagent (30) .
Southern blot analysis
Southern blot analysis was performed by the conventional method (31) with CsCl-gradient purified mtDNA used as a probe. The absence of chloroplast and nuclear DNA in this probe was verified by PCR with primers specifying for chloroplast or nuclear gene products (see below). PCR involving pure mtDNA and the primer pair: cx3-34U, gtagatccaagtccatggcct and cx3-458L, gcatgatgggcccaagttacggc produced a mitochondrion-encoded cox 3 DNA fragment, which was also used as a probe. The same results were obtained with both types of probe.
Immunoblot and DNA blot analysis
Methods for immunoblot and DNA blot analysis were described previously (29) . For dot hybridization, newly synthesized 32 P-labeled RNA isolated from mitochondrial nucleoids or mitochondria was used as the probe. Total mtDNA isolated from DNase I-treated mitochondria (1 mg, 500 ng, 40 ng, 8 ng/spot) and gene fragments of cox 2 (20 ng, 4 ng, 0.8 ng, 0.16 ng/spot), cox 3 (20 ng, 4 ng, 0.8 ng, 0.16 ng/ spot) and rbcL (20 ng, 4 ng, 0.8 ng, 0.16 ng/spot) were used as the template. Mitochondrial, chloroplast and nuclear DNA used as template for hybridization and/or PCR were all purified through CsCl gradient fractionation. Conditions for dot hybridization followed the manufacturer's instructions (Promega).
Cross-linking protein with mtDNA in mitochondrial nucleoids
Formaldehyde cross-linking was performed as described previously (12) . Briefly, highly purified mitochondrial samples with or without cytochalasin B (CB, Sigma) treatment (30 min incubated at 30 C in 50 mM CB in 0.4 M mannitol and 10 mM Tricine-KOH, pH 7.2, followed by re-isolation of mitochondria through a sucrose cushion) were treated with DNase I and proteinase K. Samples were then incubated with 1% paraformaldehyde for 8 h and quenched with glycine. Mitochondrial nucleoids were isolated by sucrose gradient centrifugation after 0.5% NP-40 treatment as described above. The purified nucleoids were homogenized and treated with 1% sarkosyl and 50 mg/ml RNase A, and the total mixture was then subjected to CsCl gradient fractionation. The distribution of mtDNA and proteins in each fraction was determined by dot hybridization using cox 3 fragment as a probe and by immunobloting, respectively.
Pulsed-field gel electrophoresis
Mitochondria or mitochondrial nucleoids were resuspended in M1 buffer (28) , mixed with an equal volume of 1.5 % lowmelting-point agarose (LGT) and kept at 42 C. This mixture was pipetted into molds and allowed to set on ice for 10 min. The plugs were treated with ESP (1 mg/ml proteinase K, 1% sarkosyl, 0.5 M EDTA, pH 9.0) at 50 C overnight. Fresh ESP was replaced twice during incubation. The plugs were then washed with ES buffer (1% sarkosyl, 0.5 M EDTA, pH 9.0) at 50 C for 2 h. After replacement with fresh ES buffer, PFGE was performed at a 30-60 s pulse time (at the ratio A:B ¼ 1), 150 V (11.8 V/cm) on a 1.2% agarose gel for 24 h in 0.5· TBE buffer (45 mM Tris-borate, 1 mM EDTA) at 13 C. Gels were then stained with ethidium bromide, de-stained by washing and underwent conventional Southern blotting analysis. For DNA synthesis analysis, the gels were dried first before being exposed to X-ray films. For counting of a-[
32 P]dCTP incorporation into newly synthesized wb (well-bound) and fm (fastmoving) DNA, the dried gel was sliced into wb and fm zones guided by autoradiography and then counted in an scintillation counter (Hewlett Packard).
Mitochondrial-nucleoid DNA synthesis in vitro
The method for mtDNA synthesis in wheat mitochondrial lysate (23) was adapted with modification. Briefly, mitochondrial nucleoids isolated from 2 mg protein equivalent of sucrose-gradient-purified mitochondria were incubated at 30 C in 400 ml of reaction mixture containing 50 mM TrisHCl, pH 7.5, 20 mM MgCl 2 , 40 mM KCl, 2 mM DTT, 1 mM ATP, 50 mM each of dATP, dGTP and dTTP and 100 mCi of [a-32 P]dCTP (3000 Ci/mmol). For pulse experiment, samples were withdrawn at each time point, stopped by adding unlabeled dCTP and EDTA at a final concentration of 40 mM and 10 mM, respectively. Samples were pelleted and imbedded in an agarose plug for proteinase K digestion and PFGE. For pulse-and-chase experiment, after a 30 min [a-
32 P]dCTP pulse-labeling period, 1000-fold molar excess of unlabeled dCTP was added, and the incubation continued for various chase times. For DNA polymerase inhibitor assay, different concentrations of aphidicolin (Sigma, stock solution dissolved in DMSO), NEM (Sigma, stock solution dissolved in ethanol) or ddCTP (Roche) was supplemented to a DNA synthesis reaction mixture at the onset (also see Table 2 ).
In organello DNA synthesis of mitochondria mtDNA synthesis in organello was carried out as described as above for mitochondrial-nucleoid DNA synthesis, except with a different reaction buffer (20 mM MgCl 2 , 40 mM KCl, 2 mM DTT, 1 mM ATP, 50 mM Tris-HCl, pH 7.5, 50 mM each of dATP, dGTP and dTTP and 50 mCi of [a-
32 P]dCTP [3000 Ci/ mmol]). At each pulse period, samples were withdrawn, and the reaction was stopped as described. mtDNA was then fractionated by PFGE. For pulse-and-chase experiment, after a 1 h [a-
32 P]dCTP pulse-labeling period, a 1000-fold molar excess of unlabeled dCTP was added, and the incubation continued for various durations. Aurintricarboxylic acid (ATA) treatment during in organelle mtDNA synthesis was performed as follows: after 1 h of synthesis, ATA at a final concentration of 100 mM was added to the reaction mixture, and DNA synthesis was continued. At 1, 2, 4, 6 and 8 h incubation, aliquots were withdrawn and subjected to PFGE.
Mitochondrial DNA synthesis in vivo
Two hundred mung bean seeds were surface sterilized with 0.75% sodium hypochlorite (NaOCl) for 5 min with shaking followed by rinsing with distill water three times. The surfacesterilized seeds were then soaked in sterilized water in the dark at 27 C overnight. For each time point, 20 budding seeds were selected and transferred to a beaker on 10 layers of paper towel soaked in 100 ml of sterilized tap water. Seven individual beakers each containing 20 budding seeds were then kept in the dark at 30 C for 2 days. Twenty two-day-old seedlings from each beaker were transferred into a separate sterilized glass beaker with 50 ml of sterilized tap water containing 50 mCi of [a-32 P]dCTP (3000 Ci/mmol). The seedlings weighted between 0.33 and 0.45 g, and were between 4.2 and 5.3 cm long. The seedling DNA synthesis was carried out for 5 pulse and 2 pulse-and-chase periods. The pulse duration was 0, 0.5, 2, 4 and 8 h. The two pulse-and-chase samples were pulsed for 4 h each and then chased for 2 and 24 h, respectively. After 24 h chase, the seedlings weighted between 0.66 and 0.78 g, and were between 4.53 and 6.8 cm long. In total, seven reactions were performed in seven independent beakers to avoid over crowding. At the end of each pulse and pulse-chase time, 1000· excess of cold dCTP and 10 mM EDTA (final concentration) were added. Mitochondria were isolated from 20 whole seedlings after removing the root immediately after each time point. Total mitochondria isolated from 20 seedlings were embedded in a single plug for PFGE analysis. Each lane in Figure 9 loaded with a plug containing mitochondria isolated from whole 20 seedlings as described. The entire experiment was conducted in the dark until the seedlings were harvested for mitochondrial isolation.
RNA synthesis in vitro
The method for RNA synthesis was as described previously (32) with modification. Mitochondrial nucleoids isolated from 1 mg protein-equivalent of mitochondria were incubated in a 200 ml reaction mixture containing 10 mM Tris-HCl, pH 8.5, 5 mM MgCl 2 , 1 mM DTT, 0.1 mg/ml BSA, 120 mM each of CTP, GTP, ATP, 0.1 mM [a-
32 P]UTP (3000 Ci/mmol) and 200 U RNAsin. After 25 min incubation at 25 C, unlabeled UTP was added to 20 mM, and the incubation was stopped 5 min later by adding 1% SDS, 30 mM diaminocyclohexanetetra-acetic acid (CDTA) and 20 mg carrier tRNA. RNA was then isolated by treatment with proteinase K (200 mg/ml, in the presence of 1% sarkosyl, 20 mM CDTA, 50 mM Tris-HCl, pH 8.0) at 55 C for 30 min followed by extraction with phenol/chloroform:isoamylalcohol.
Reverse PCR
Total RNA samples purified from mitochondrial nucleoids or mitochondria were first treated with RNase-free DNase to remove contaminating DNA and used as templates. Four sets of primers (cx3-34U, gtagatccaagtccatggcct; cx3-458L, gcatgatgggcccaagttacggc; a15-495U, gcggtgtgaaaggaatag; a15-911L, cacaatacaa tgtctcactctc; cx2-527U, tcccdcaaagrattgttcatgg; cx2-764L, ccyaattctaratcatcttctg; rbcL-301U, ttggactgatggacttaccagtcttgatcg; rbcL-840L, tcttcgcatgtacctgcagtcgcattcaag) were used for RNA-template-directed PCR. These primer sets were designed to detect the presence of mitochondrion-encoded cox3 and ATPase a, nucleusencoded cox 2 and chloroplast-encoded rbcL. These primer sets generated a 448, 439, 260 and 570 bp PCR product, respectively, from mRNA and/or RNA transcripts. The first-strand cDNA synthesis was initiated by incubating the RNA template and the anti-sense PCR primer in a final volume of 5 ml at 72 C for 2 min, followed by 2 min cooling on ice. A total of 2 ml of a 5· first-strand buffer, 1 ml of 20 mM DTT, 1 ml of 10 mM each of dATP, dGTP, dCTP and dTTP, and 1 ml MMLV reverse transcriptase (200 U/ml) were then added and the mixture incubated at 42 C for 1 h. The resulting first-strand cDNAs were amplified by PCR with an initial 95 C, 1.5 min heating period, followed by 30 cycles of 94 C for 30 s; 55 C (51 C for ATPase a) for 30 s; 72 C for 1 min, and terminated by 72 C for 5 min.
RESULTS
Membrane association and chromatin-like structure in vitro and in situ
Isolated mung bean mitochondrial nucleoids were visualized by thin-section electron microscopy to have an electron-dense chromatin-like structure associated with a vesicle component ( Figure 1) ; most of the chromatin-like elements appeared to be linked to or located immediately next to the vesicles. Similar chromatin-like elements of comparable dimension were identified in plant tissues ( Figure 2C and D, arrows). The chromatin-like element underwent a distinctive change to a fibril-like structure ( Figure 2E and F, arrows) during the early stages of cotyledon development. Table 1 summarizes the changes in mitochondrial-nucleoid organization observed at the early cotyledon developmental stages. Since EM observations of random thin sections do not necessarily represent the whole picture of a given mitochondrion, we adapted a standardized experimental procedure by attempting to take micrographs always near the middle section of each mitochondrion. Among all the cotyledon tissues obtained from seeds immersed for 12 h at 4 C we examined (totaling 476 mitochondria), no chromatin-or fibril-like structure was found (Table 1 and Figure 2A and B). However, out of 294 mitochondria examined, 106 chromatin-like nucleoids were found in cotyledons of 12 h-27 C immersed seeds (Table 1 and Figure 2C and D, arrows). After 1 day growth in vermiculite of the 12 h-27 C immersed seeds, chromatin-like mitochondrial nucleoids were no longer seen, but fibril-like nucleoids structure was observed in 114 out of 330 mitochondria examined (Table 1 and compare Figure 2E and F with Figure 2C and D, arrows). Only a few (12 out of 444) fibril-like nucleoids were found in mitochondria of cotyledons from 3-day-old seedlings. Similarly, only 3 fibril-like nucleoids were found among 128 mitochondria examined in hook cortical cells of 3-day-old seedlings (data not included in Table 1 ). This observation suggests that mung bean mitochondrial nucleoids are dynamic entities, whose organization undergoes functionrelated changes at different stages during seedling development (compare Figure 2C and D with 2A, B and 2E, F; Table 1 ).
The contents of phospholipids in mitochondrial nucleoids varied quantitatively according to their isolation conditions. For instance, the phospholipid content decreased quantitatively with an increasing concentration of NP-40, a nonionic detergent used routinely for mitochondrial nucleoids isolation, whereas no significant qualitative change was observed ( Figure 3, lanes 2-4) . Since constituents of mitochondrial nucleoids are sensitive to detergent concentrations used for their isolation, we standardized our preparation at an NP-40 concentration of 0.5% in order to be consistent with the work of other investigators (8, 9, 12, 13, 27) . Nucleoids isolated with 0.5% NP-40 had a phospholipid composition similar to that of whole mitochondrial membrane (Figure 3 , compare lanes 3 and 5). Under over-loading conditions for thin-layer chromatography, which distorted the separation pattern and retarded the mobility of cardiolipin, no other phospholipid was detected (data not shown). These results suggest that the composition of phospholipids of mitochondrial nucleoids is qualitatively the same as that of whole mitochondria. 
Association of protein with mitochondrial nucleoids
The protein contents of mitochondrial nucleoids varied qualitatitively and quantitatively with the detergent concentration used for their isolation. The association of some proteins with mitochondrial nucleoids appeared considerably more resistant to NP-40 concentration than others. For instance, COXII, a subunit of ATPase, porin and actin were all detected in nucleoids isolated with 0.25% NP-40 ( Figure 4 ). At 0.5% NP-40, COXII was eliminated from the nucleoids. The a subunit of ATPase was gradually removed by increasing the detergent concentration to 1.0%, whereas the proportion of porin and actin remained essentially unchanged.
This differential association of proteins with mitochondrial nucleoids as a function of detergent concentration may reflect whether the association may have certain structural/functional significance or is merely fortuitous. In this regard, the persistent presence of actin irrespective of the detergent concentration tested was unexpected. To ascertain whether mitochondrial-nucleoid-associated actin was derived from cytoplasmic actin by its adhesion to the organelle, highly purified mitochondria were pre-treated with actin depolymerizing agent, cytochalasin B (CB) followed by additional proteinase K treatment. The treated mitochondria were subjected to an in organelle cross-linking procedure with formaldehyde (12) prior to the isolation of nucleoids. The resulting nucleoids C for 12 h (A and B), at 27 C for 12 h (C and D) and at 27 C for 12 h followed by 1 day growth on vermiculite at 27 C (E and F) were fixed, dehydrated and infiltrated with Spur resin, sectioned and stained for electron microscope examination. Mitochondrial nucleoids exhibiting a chromatin-like organization (C and D) or a fibril-like organization (E and F) at different cotyledon developing stages are indicated by arrows. Bars equal to 200 nm.
were then lysed and fractionated by CsCl-density centrifugation to separate free and DNA cross-linked proteins ( Figure 5 ). After fraction collection, the distribution of mtDNA was determined by dot hybridization, with a cox 3 DNA fragment used as the probe ( Figure 5A ). The distribution of free protein and cross-linked protein-mtDNA complex was detected by immunoblotting ( Figure 5B-D) . In the nonformaldehydetreated control, actin, a subunit of ATPase and porin migrated as free proteins to fractions 4-8 ( Figure 5B ). After crosslinking, actin and a subunit of ATPase not only appeared as free proteins but also banded in fraction 13 as proteinmtDNA complexes ( Figure 5C and D). Either proteinase K treatment alone or cytochalasin B/proteinase K double treatment did not eliminate actin from cross-linking with mtDNA in nucleoids preparations ( Figure 5C and D, respectively). This result suggests that mtDNA-associated actin molecules in mitochondrial nucleoids are protected by mitochondrial membranes from depolymerization and/or proteolytic degradation by cytochalasin B and proteinase K, respectively. In contrast to a subunit of ATPase and actin, no porin was detected as mtDNA-cross-linked protein 
a Total: total mitochondria examined. b Mitochondrial nucleoids organized into a chromatin-like structure, as shown in Figure 2C and 2D. c Mitochondrial nucleoids organized into a fibril-like structure, as shown in Figure 2E and 2F. d Day 1 and Day 3 seedlings represent the immersed seeds (at 27 C for 12 h) followed by sowing the seeds on vermiculite and growing at 27 C for 1 day and 3 days, respectively. complex after the in organello formaldehyde cross-linking step ( Figure 5C and D).
Molecular complexity of mitochondrial-nucleoid DNA
PFGE revealed a considerable amount of heterogeneity among DNA molecules present in isolated mung bean mitochondrial nucleoids. Under a PFGE condition capable of fractionating 50-2200 kb linear DNA, most of the DNA did not migrate out of the sample-loading well. This result indicates that the wellbound (wb) component had an apparent molecular mass >2200 kb and/or a complex conformation that retarded its migration ( Figure 6 ). The other major DNA component appeared as a prominent zone without distinct bands, spanning a range equivalent to 50-200 kb of linear DNA and was termed the fast-moving (fm) component ( Figure 6, lanes 2-5) . The relative content of the wb and fm components remained essentially unchanged, despite a substantial difference in Figure 5 . Cross-linking of actin with mtDNA in mitochondrial nucleoids. Highly purified mitochondria with or without cytochalasin B (CB) pre-treatment were subjected to sequential DNase I and proteinase K treatment followed by 1% paraformaldehyde cross-linking for 8 h. After quenching with glycine, mitochondrial nucleoids were isolated, homogenized and treated with 1% sarkosyl and RNase A (50 mg/ml). The final mixture was then subjected to CsCl gradient fractionation. (A) The distribution of mtDNA across the gradient. Each fraction was dot blotted with a proteolytic digestion to remove bound proteins before fractionating the resulting DNA ( Figure 6, lanes 2-5) . This result suggests that the immobility of the wb form was unlikely caused by inadequate removal of protein moiety from mtDNA. Under the same conditions, DNA from whole mitochondria exhibited the same electrophoretic pattern as that of isolated mitochondrial nucleoids, except that the higher relative content of some smear components migrated just ahead of the fm-component ( Figure 6, lanes 6-9) . This pattern of heterogeneity of mung bean mtDNA molecules is consistent with the pattern of other higher plant and yeast mtDNAs (17, 19, 33) .
Mitochondrial nucleoids DNA synthesis in vitro
To ascertain whether mitochondrial nucleoids are capable of self-directed DNA synthesis, pulse-labeling experiments were carried out. In our preliminary experiments, [a-32 P]labeled nucleoside triphosphates were shown to incorporate well into isolated mitochondria and mitochondrial nucleoids. DNA synthesis activity of isolated mitochondrial nucleoids in vitro measured by the incorporation of [a-32 P]dCTP was essentially linear for 2 h before settling into a plateau lasting for several hours ( Figure 7A ). Under this regime, mitochondrial-nucleoid DNA synthesis can be studied efficiently by pulse labeling, followed by PFGE, autoradiography and counting the sliced gel fragments for label incorporation. After 30 min pulse, newly synthesized mtDNA manifested as both wb and fm forms ( Figure 7B, lane 1) . As the pulse period lengthened, the amount of the label increased in both the wb and fm zones ( Figure 7B, lanes 2-5) .
At the onset of the pulse-labeling experiments, the ratio of the newly synthesized wb-form to the total newly synthesized DNA exhibited a significantly decrease, whereas the reverse was true for the fm-form. Approximately 2 h later these ratios remained about the same ( Figure 7C ). This short-lived divergent labeling pattern for the two mtDNA forms was consistent in four independent pulse-labeling experiments. This pattern most probably have caused by different labeling kinetics or relative stabilities of the newly synthesized wb and fm forms, although the possibility that some newly synthesized wb may be converted to fm-form during the initial labeling phase cannot be excluded. Figure 7D represents the electrophoretic mobility pattern of wb and fm DNA during the chase period ranging from 10 min to 4 h after 1 h of pulse labeling. The ratio of pulse-labeled wb and fm form to the total newly synthesized DNA, respectively, showed a slight divergent trend at the very beginning of the chase period ( Figure 7E ), which is reminiscent of the result of the pulse-labeling experiment described above.
The effect of DNA polymerase inhibitors on mitochondrialnucleoid DNA synthesis activity was determined. As summarized in Table 2 , the DNA synthesis activity of mitochondrial nucleoids was highly resistant to aphidicolin; at 40 mM, no inhibition was detected; even at 100 mM, the inhibition was <10%. However, the nucleoids DNA synthesis activity was sensitive to NEM. The 60% inhibition of mitochondrialnucleoid DNA synthesis by NEM at 2 mM (Table 2) is comparable with that shown in other higher plants in which 2 mM of NEM inhibited 80% of mtDNA synthesis (34, 35) . Complete inhibition was achieved at an NEM concentration of 10 mM. Mitochondrial DNA polymerases of higher plants are known for their reduced sensitivity to ddCTP (7, 34, 35) . We found that this is also the case for mung bean. At a ddCTP/ dCTP ratio of 10, the inhibition of mung bean's mitochondrial DNA polymerase activity was 10%; even at a ddCTP/dCTP ratio of 1000, only 90% of the activity was inhibited ( Table 2 ). The insensitivity to aphidicolin and sensitivity to NEM are characteristics of g-type DNA polymerase. Thus, similar to that of other higher plants, mung bean mitochondrial DNA polymerase appears to be a g-type DNA polymerase. This g-type DNA polymerase of mung bean mitochondrial nucleoids, however, appeared to be more resistant to ddCTP inhibition than other plant mitochondrial DNA polymerase.
DNA synthesis in isolated mitochondria and in vivo
DNA synthesis in intact mitochondria was examined under similar experimental conditions used for mitochondrialnucleoid DNA synthesis in vitro. Unlike DNA synthesis in mitochondrial nucleoids ( Figure 7B and D) , the newly synthesized wb form in isolated mitochondria exhibited a massive loss of previously incorporated label after 8 h pulse or 1 h pulse followed by 4 h chase ( Figure 8A and B, lane 5). This apparent degradation of newly synthesized wb form was reversed in the presence of the nuclease inhibitor, ATA ( Figure 8C ). An ATAsensitive nuclease activity (or activities) is thus implicated in processing of newly synthesized DNA in isolated mitochondria. Interestingly, such an activity is apparently very low or absent in mitochondrial nucleoids.
To ascertain whether mtDNA synthesis in vivo follows the same pattern, 32 P-labeling experiment for mtDNA synthesis was also carried out in mung bean seedlings. Mitochondria were purified from 32 P-labeled seedlings after different pulse Figure 6 . Characterization of DNA heterogeneity in mitochondrial nucleoids by PFGE. Three agarose-imbedded nucleoids samples, each isolated from 2 mg protein equivalent of mitochondria, were incubated with self-digested proteinase K at a concentration of 0.2, 1 and 5 mg/ml and loaded in lanes 2, 3 and 4, respectively. An identical nucleoids sample was incubated with 1 mg/ml of proteinase K (without self-digestion) and loaded in lane 5. Three agaroseimbedded mitochondrial samples (2 mg protein equivalent each) were incubated with self-digested proteinase K at a concentration of 0.2, 1 and 5 mg/ml and loaded in lanes 6, 7 and 8, respectively. Another identical mitochondrial sample was incubated with 1 mg/ml proteinase K (without self-digestion) and loaded in lane 9. After PFGE, the gel was blotted and hybridized with a 32 P-labeled probe of pure mtDNA. Exposure time was 10 h for lanes 2-5 and 5 h for lanes 6-9. Size markers are in lanes 1 and 10. The same result was obtained with a 32 P-labeled probe obtained from a PCR-amplified cox 3-gene fragment (data not shown).
and pulse-and-chase period and then subjected to PFGE analysis. Consistent with the pattern observed in mitochondria and mitochondrial nucleoids, the newly synthesized mtDNA in vivo separated into in wb and fm forms after PFGE fractionation ( Figure 9, lanes 2-5) . A complete disappearance of both newly synthesized wb and fm of mtDNA within 24 h of chase after 4 h pulse labeling indicates that an active turn over of newly synthesized mtDNA in vivo is operative during rapid seedling growth (Figure 9, compare lanes 5 and 7) . It is not known whether the nuclease responsible for this mtDNA turns over in vivo is the same or different from the ATA-sensitive nuclease that degraded the newly synthesized wb DNA in isolated organelle as seen in Figure 8A and B, lane 5.
RNA transcription
To ascertain whether mung bean mitochondrial nucleoids possess a mechanism for gene expression, we performed RNA synthesis experiment. The specificity of the nucleoid's newly synthesized, [ 32 P]UTP-labeled RNA was evaluated first by its homology to total mtDNA as well as mitochondrion-, chloroplast-and nucleus-encoded gene fragments ( Figure 10A , II). 32 P-labeled RNA synthesized by isolated intact mitochondria was also evaluated as a control ( Figure 10A, I ). It is evident that mitochondrial nucleoids are capable of directing RNA synthesis, and the products of such synthesis are homologous to mtDNA and mitochondrion-encoded but not nucleus-or chloroplast-encoded genes ( Figure 10A, II) , since it is difficult to completely eliminate plastids (at varying developmental stages) from mitochondria preparations. Thus, the hybridization of RNA synthesized by mitochondria preparations to chloroplast-encoded rbcL sequence ( Figure 10A , I, rbcL row) can be explained by the presence of minor contamination of transcription-active plastids in mung bean mitochondria preparations. The fact that 32 P-labeled RNA synthesized by mitochondria nucleoids did not hybridize to chloroplastencoded rbcL or nucleus-encoded cox2 ( Figure 10A , II, rbc L or cox2 row) indicates that our mitochondrial-nucleoid preparations were essentially free of nuclear fragment and plastid-nucleoid contamination.
To assess the stability and specificity of RNA transcripts regularly present in isolated mitochondrial nucleoids, their total RNA was used as the template for reverse PCR to test amplification of mitochondrion-encoded cox 3, a subunit of ATPase, nucleus-encoded cox 2 and chloroplast-encoded rbc L genes. Figure 10B demonstrates that RNA transcripts of mitochondrion-specific cox 3 and a subunit of ATPase were present in mitochondrial nucleoids but not nucleusand chloroplast-encoded mRNA/transcripts.
To better characterize the in vitro nucleic acid synthetic processes exhibited by isolated mitochondrial nucleoids, their newly synthesized, 32 P-labeled DNA and RNA products were used separately to probe two identical DNA blots each containing EcoRI fragments of highly purified mtDNA. With the newly synthesized mitochondrial-nucleoid DNA probe, the intensity of the hybridization signal was stoichiometrically distributed among the EcoRI-digested mtDNA fragments Control represents 20 000-30 000 c.p.m. for each set of reactions. Figure 8 . In organello mitochondrial DNA synthesis with different pulse and chase periods. Mitochondrial DNA synthesis was carried out as described in Materials and Methods. At 0.5, 1, 2, 4 and 8 h pulse period, respectively, an aliquot was taken from the reaction mixture and mitochondria (equivalent to 0.5 mg protein) were recovered by centrifugation, and subjected to PFGE and autoradiographic analysis. according to their respective molecular sizes ( Figure 10C , lanes 3 and 4). This hybridization pattern mimiced the in organello mtDNA labeling pattern ( Figure 10C , lane 5) and the ethidium-bromide staining pattern ( Figure 10C , lane 1). However, with the newly synthesized mitochondrial-nucleoid RNA probe, the hybridization pattern was nonstoichiometrical, because excessive or little hybridization was accorded selectively to a few EcoRI-cleaved mtDNA fragments ( Figure 10C , lane 2, asterisks). Thus, mitochondrialnucleoid RNA is transcribed in vitro in a nonrandom fashion apparently under certain regulations, whereas mitochondrialnucleoid DNA is synthesized evenly.
DISCUSSION
Results presented above indicate that plant mitochondrial nucleoids are dynamic entities in structure and function and may participate actively in the biogenesis of the organelle. In addition to being self-sufficient for DNA replication and RNA transcription, mitochondrial nucleoids and their DNA apparently are associated with actin (Figures 4 and 5) . These results suggest strongly that mitochondrial nucleoids may be the basic component of cytoskeleton-driven mtDNA segregation machinery during mitochondrial propagation. Our findings in mung bean are consistent with those shown in yeast and animal cells (4) (5) (6) 14, 15, 36) . The distinct change of mitochondrial-nucleoid ultrastructure in situ during cotyledon development provided the initial evidence supporting the dynamic nature of plant mitochondrial nucleoids (Figures 1 and 2) . The change of mtDNA organization from an inconspicuous state to a chromatin-like structure and then to a loosely packed, thin-fibril-like organization was observed during early development of the cotyledon (Table 1 and Figure 2 ). To our knowledge, structural changes of mitochondrial nucleoids during tissue development have not been reported in other organisms. Under etiolated conditions, respiration is the only energy conversion pathway available to dormant seeds for germination and further development. The activation of mitochondrial genetic function in preparation for rapid organelle proliferation must be mandatory. Thus, the observed structural changes of mitochondrial nucleoids appear to be coordinated with mitochondrial biogenesis.
It is of interest to note that a subunit of ATPase, an inner membrane protein, was cross-linked to mtDNA in organello by treating intact mitochondria with formaldehyde prior to nucleoids isolation ( Figure 5 ). The same phenomenon was reported in yeast (12) . Thus, mtDNA molecules in mitochondrial nucleoids appear to locate in close proximity to ATP synthase in the organelle. The reason for this association is not known at present. Although a subunit of ATPase was routinely associated with isolated mitochondrial nucleoids prepared with 0.25-0.75% NP-40, this association was abolished at an NP-40 concentration of 1% (Figure 4 ). This result suggests that there is a range of detergent concentration suitable for mitochondrial nucleoids isolation beyond which the in organello organization of nucleoids may no longer be preserved. Most intriguing is that a sizable fraction of porin was still associated with nucleoids prepared with 1% NP-40, which completely eliminated inner-membrane proteins, a subunit of ATPase and COX II (Figure 4 ). In yeast, porin was largely eliminated from isolated mitochondrial nucleoids by subjecting them to an extra round of NP-40 treatment (9), but this was not the case in our study. Hence, the possibility that the membrane associated with isolated nucleoids, or a significant portion of it, is derived from the inter-membrane contact sites rich in porin should be entertained. The association of mitochondrial nucleoids with porin, with its newly found properties of translocating double-stranded DNA and of auto-directed self insertion (37, 38) , may have not-yet-appreciated functional significance with respect to mitochondrial biogenesis.
In addition, our finding that nucleoids isolated with NP-40 possess a phospholipid composition similar to those of whole mitochondrial membrane (Figure 3 , lanes 3 and 5) may also be explained by the co-existence of inner and outer membranes in isolated nucleoids. This interpretation is consistent with and supports the finding that actively replicating nucleoids in yeast were associated in situ with a discrete proteinaceous structure that spanned the outer and inner mitochondrial membrane (15) . Taken together, these findings imply that there may be a defining relationship between structural organization and functional integrity for isolated mitochondrial nucleoids. Although the structural domain of the nucleoids membrane is yet to be characterized, the association of mtDNA with an outer membrane protein complex, mdm10p-mdm12p and mmm1p, has been shown in yeast (14, 15) , which suggests that mitochondrial nucleoids in yeast may also be associated with some components of the outer membrane.
The finding that actin's association with mitochondrial nucleoids was more resistant to nonionic detergent than that of certain mitochondrial proteins routinely found with 5, respectively) . Two additional 4 h pulse labelings were performed and one was subjected to 2 h chase (lane 6) and the other a 24 h chase (lane 7). At the end of each pulse or pulse-chase period, EDTA was added to stop the reaction and mitochondria were isolated immediately from 20 labeled seedlings and subjected to PFGE fractionation. Each plug containing mitochondria isolated from whole 20 seedlings was loaded for PFGE. mitochondrial nucleoids (Figure 4 ) was unexpected. In organello cross-linking of actin to mtDNA in cytochalasin B-and proteinase K-pre-treated mitochondria ( Figure 5 ) has provided strong support for the interaction of actin with mitochondrial nucleoids in organello. These mutually reinforcing results suggest that actin is involved in the segregation of mtDNA and of mitochondrial nucleoids in higher plants. In yeast, mtDNA was shown to be associated with the protein complex, mdm10p/mdm12p/mmm1p, and its linkage with actin was postulated to be involved in the transfer of mtDNA during propagation (14) . Tubulin was shown to be an inherent component of human mitochondrial membrane by its resistance to high-salt wash and by its immuno-coprecipitation with porin (VADC) (39) . Human mitochondrial nucleoids were shown to be connected to cytoskeletal tubulin structure exhibiting a mobile and dynamic characteristic, which presumably ensures the transmission of mtDNA to daughter mitochondria during mitochondrial growth and division (6) . Our preliminary work also showed that high-salt treatment could not strip away tubulin from purified mung bean mitochondria, as was the case for actin (unpublished data). Further investigations are necessary to dissect the significance of porin's association with the cytoskeleton and the functional role of actin and tubulin in mitochondrial development and biogenesis.
The efficient incorporation of 32 P-labeled deoxyribonucleotides into mitochondrial nucleoids allowed us to characterize mtDNA synthesis by [a-
32 P]dCTP pulse-labeling followed by PFGE and autoradiography. From this approach, it is clear that isolated mung bean mitochondrial nucleoids are self-sufficient in terms of template, primer, enzymes and other factors necessary to direct DNA synthesis in vitro (Figure 7) . Although we could not rule out the possibility that the DNA synthesis we detected in mitochondrial nucleoids was due in part to DNA repair, a number of collateral lines of evidence suggest that such DNA synthesis was mainly the result of DNA replication. First, 32 P-labeled nucleotides were incorporated stoichiometrically into newly synthesized mtDNA fragments ( Figure 10C, lane 3) . Second, the mtDNA synthesis pattern in isolated nucleoids was the same as that in isolated mitochondria ( Figures 7B and 8A and Figure 10C, lanes 3-5) . Third, under virtually the same experimental conditions used for the present work, both DNA polymerase and topoisomerase I activities were found to co-localize with a fastsedimenting wheat mtDNA fraction that exhibited endogenous DNA synthesis activity (23) . Recent studies in human cells showed that BrdU was incorporated into mitochondrial nucleoids in situ and mtDNA polymerase could also be copurified with BrdU-containing mitochondrial nucleoids (4-6). These results are analogous to and support our interpretation that DNA synthesis in isolated mitochondrial nucleoids detected by 32 P-dCTP pulse labeling in vitro (Figure 7 ) is originated from the mtDNA replication process. Thus, mung bean mitochondrial nucleoids appear to possess a full complement of physical basis to maintain the genetic continuity of the mitochondrial genome.
The resistance to aphidicolin and sensitivity to NEM we demonstrated for mung bean mitochondrial-nucleoid DNA synthesis in vitro (Table 2 ) are consistent with other plant mtDNA synthesis studies (7, 22, 34, 35) . Our result suggests that in so far as sensitivity to inhibitors is concerned, mung bean mitochondrial DNA polymerase like its counterpart in other plants is similar to DNA polymerase g of nonplant eukaryotes. Plant mitochondrial DNA polymerases are known to differ from that of nonplant eukaryotes with respect to their lower sensitivity to ddCTP. We found that this is also the case for mung bean. In fact, DNA-synthesis sensitivity to ddCTP in mung bean mitochondrial nucleoids was exceptionally low (Table 2) , which implies that this enzyme may have an unusual structural characteristic.
Yeast and higher plant mitochondria contain a sizable amount of DNA that would not migrate out of the sampleloading well in PFGE (16, 18, 21, 33, 40) . Our results demonstrate that the same is true for DNA of mung bean mitochondrial nucleoids and intact mitochondria ( Figure 6 ). The reason for the immobility of the well bound mtDNA remains unsettled. Molecular details of wb and fm forms in terms of their physical structure, template activity for DNA synthesis and possibly also their differential accessibility/sensitivity to endogeneous nucleases remain largely unknown. Two postulations have been advanced for the wb form: it is resulted from replicating rolling circular mtDNA molecules that may be too large and/or too complex to be mobile in the pulsed electrical field, or alternatively, the immobility may have resulted from an unusual mtDNA structure produced by multiple recombination events involving branch points that connect multigenomic concatemers (19, 21) . For 32 P-dCTP pulse labeling up to 4 h in duration, the pattern of DNA synthesis in isolated mung bean mitochondrial nucleoids is essentially the same as that of intact mitochondria. Significantly, in vivo mung bean mtDNA replicates in seedling tissues by the same pattern ( Figure 9 ). In all three cases, the newly synthesized DNA manifested in the wb and in fm form P-labeled RNA isolated from 1 mg protein equivalent of purified mitochondria was used to probe a duplicate membrane described in (II). (II): A nucleoids sample isolated from 1 mg protein equivalent of mitochondria was subjected to RNA synthesis in vitro in the presence of [a-
32 P]UTP. The newly synthesized, 32 P-labeled RNA was then isolated to probe serially diluted DNA templates immobilized on a membrane. The DNA templates are: mtDNA and PCR-amplified gene fragment of cox 3, rbc L, and cox 2. (B) Specificity of mitochondrial-nucleoid RNA. The RNA templates used for reserve PCR were derived, from whole mung bean seedlings (lane 1), mitochondria (lane 2) and isolated mitochondrial nucleoids (lane 3). Four sets of primers (see Materials and Methods) each designed to amplify a coding region of nucleus-encoded cox 2, mitochondrion-encoded cox 3, chloroplast-encoded rbc L and mitochondrion-encoded a-subunit of ATPase were used for standard reverse PCRs. The product of these 12 individual PCRs was analyzed on an agarose gel. The size of double-stranded DNA markers is indicated on the left. Approximately a billion-fold amplification revealed the presence of contaminating chloroplast RNA transcripts in the mitochondrial RNA samples (lane 2 in rbcL sector) isolated from mitochondria. (C) A comparison of newly synthesized RNA and DNA products of mitochondrial nucleoids. Two nucleoids samples, each isolated from 5 mg protein equivalent of mitochondria, were subjected to RNA synthesis in the presence of [a- ( Figures 7B, 8A and 9 ). This synthesis pattern is, in general, congruent with the mtDNA synthesis pattern obtained by labeling plant cell cultures with 3 H-thymidine (17, 21) . For longer pulse or pulse-and-chase period, a significant difference in stability between the newly synthesized wb and fm form was observed in intact mitochondria but not in mitochondrial nucleoids (lane 5 in Figure 8A and B and Figure 7B and D) . The fact that this stability difference could be abolished by an exogenous nuclease inhibitor, ATA, suggests that the accessibility and/or substrate specificity to the nuclease for newly synthesized wb and fm DNA may not be the same in intact mitochondria and this ATA-sensitive nuclease was either absent or inactive in nucleoids. It is of interest to note that both wb and fm forms of newly synthesized mtDNA in mung bean seedlings turned over completely in 24 h (Figure 9 ). To our knowledge, this is the first demonstration of a complete turn over for plants mtDNA in vivo.
By BrU incorporation and immunofluorescent staining, mitochondrial nucleoids in human cells were shown to synthesize RNA in situ and the mitochondrial transcription factor was shown to co-purify with mitochondrial nucleoids (4-6). RNA synthesis in vitro was also reported for mitochondrial nucleoids obtained from cultured tobacco cells (7) . Consistent with these findings, we have demonstrated the presence of a self-sufficient mitochondrial transcriptional system and of mitochondria-encoded gene transcripts in isolated mung bean mitochondrial nucleoids (Figure 10 ).
On the basis of the structural and functional characteristics of higher plant mitochondrial nucleoids elucidated in the present study, together with results from mitochondrial nucleoids studies in yeast and mammalian cells, our results clearly establish the important paradigm that mitochondrial nucleoids in eukaryotes are more than mere mtDNA packaging and segregation entities but are centers of mtDNA maintenance and expression. Even though we found that mitochondrial nucleoids possessed no protein translation capability (data not shown), mitochondrial nucleoids were implicated in organizing the translation machineries on both sides of the mitochondrial membrane and could enhance assembling efficiency of nucleus-encoded and mitochondrion-encoded proteins into a mitochondrial complex (6) . Mung bean mitochondrial nucleoids appear to be structurally and functionally competent to constitute the rudimentary origin for mitochondrial biogenesis and they may play an essential role in the nonbinary propagation of plant mitochondria in rapidly grown mung bean tissues as we have postulated in our earlier work (29) . In this regard, our present finding on the association of mitochondrial nucleoids with actin is of particular interest.
